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A NEW PUSH-PULL AMPLIFIER CIRCUIT 

# AS ONE RESULT uf a continuing development program on audio- 
freciuency instruments, a new audio power-amplifier circuit*’* that 
promises to he widely useful has been devised. In addition to lieing suit¬ 
able for regular audio power amplifiers, this new circuit is particularly 
well adapted to amplifiers for constant-voltage audio distriliution 
systems, to high-power modulatoi-s, to amplifiers for electronic musical 
insiniments, and to audio amplifiers for industrial uses. 

This new circuit permits one to obtain the high efficiency of Class 
ABi operation without switching transients, and this feature is ob¬ 
tained without the use of special components. Th(* circuit also has 
important advantages for direct-coupled power amplifiers and for 
amplifiers operated Class A when very low distortion is required. 

Becau.se of the widespread interest already shown in this develop¬ 
ment, three practical high-power amplifiers using this new circuit with 
low-cost tubes will be describ(*fl and component v^alues will be given to 
aid the experimenter in making an initial setup. Before discussing these, 
however, the laisic principle of the new circuit will be outlined briefly. 

The basic circuit is .shown in Figure 1. The output stage consists of 
two tube's connected in .series across the d-c plate supply, and the load 
connects from the midpoint of this series connection to the plate supply. 
The output tubes are driven in 
opposite phase by a phase-in¬ 
verter stage. The important 
feature of this phase-inverter 

*.\rn»M Pptomm nml DotuiUl B. Sinclair, "A 
SinnUj-EmlecI P^iah-Piill .\utlio .AmplificT,” 

1951 I.R.E. Nalinnal (’oiivpntion, \ew V<.rk, 

N. Y., March ‘i2, 1951. publiHhefl in News 
I,cttorof I.R.E. Profcjwionjil Ciroup on Audio. 

*Putc»it applic<l lor. 


Figure 1. The basic single-ended push-pull 
amplifier circuit, showing the series connected 
output tubes supplying a common load and 
driven by a cathode-follower phase Inverter. 
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Stage is that it drives each tid)e from its 
• ►wTi grid to its own cathode, so that the 
Ud>es are driven in a balancetl hishion. 
In order to achieve this type of drive, it 
is necessary to feed the plate imiK»dance 
of the i)hase-inverter driver from the 
mi<Jpoint of the series-connected output 
tubes. If the plate load of this driver 
were connected directly to the plate 
.supply, the upper tube would Ije driven 
with n^sjTect to ground as a cathofie 
follower, and the balance of the two 
tubes would Ik? destroyed. While the 
voltage driving the upper tuln? could 
be correspondingly increased to achieve 
a net balance of current swing in the 
two tubes, the operating conditions as 
far as distortion is concerncKl would be 
markcKlly dilTerent, and the push-pull 
cancellation of distortion would not 
restdt. 'riie circuit .shown maintains the 
Imlance in the two tubes and preserves 
the distortion-< ancelling feature of pu.sh- 
piill o|KTation. 

In the usual push-pull circuit the two 
output tul>es are in parallel for the d-c 
plate supply and operate effectively in 
series for supplying the a-c load. In a 
limited sense this new circuit can be con¬ 
sidered the dual of the usual circuit since 
the output tubes are in series for the d-c 


plate supply, and they supply the a-c 
load in parallel. Thus the normal opti¬ 
mum load impedance for the new circuit 
is one-fourth the normal plate-to-plate 
load impedance for the usual push-pull 
connection. 

This simple relationship means that 
some standard push-pull transformers 
can be readily used for the new circuit. 
If the two halves of the primary are 
separate, they can be connected in 
parallel, instead of in the series conne<’- 
tion ordinarily used, to obtain this four- 
tixme ratio. 

Because of this parallel or single- 
ended connection of the primary, both 
tubes work into the same load, and there 
is no deleterious efTect from leakage re¬ 
actance between halves of the primary. 
In contrast, in the conventional push- 
pull circuit, each tube works individu¬ 
ally into half the primary, and leakage 
reactance lK?tween the windings can 
cause serious switching transients* when 
the tubes are operated Class AB. These 
switching transients, which cannot be 
eradicate<l by negative feedback, are a 
prime cause of high-freciuency distor¬ 
tion, notably intermodulation, in push- 

Pen-Tung Sah. “Quast-TranaiMiU to ('lam B Aucli«>> 
Frequency Push-Pull AmplifirnK,'* Proe. I R.E., Vol. 24, 
N. 11. November. K»36. pp. 1522-1541 


Figure 2. Th« circuit diagram for a 50-watt amplifier, which includes feedback to on earlier ompliBar stage. 
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[Hill amjilifiors. 'Dioy ure oft(*n respon¬ 
sible for the objectionable harshness in 
so-called high-fidelity systems. 

When beam-power tubes are used in 
I he output , the two halves of the pri¬ 
mary of the usual push-pull tranatormer 
ran serve a useful purpose in this single- 
ended circuit by simplifying the problem 
of supplying the d-c screen-gritl voltages 
to the two output tubes. How these can 
be used is shown in Figure 2. d1ie output 
tubes are shown connected in series, as 
before, for t he d-c supply. The screen-grid 
voltage for I he upper tube is supi)lied 
Ihrough one primary winding from the 
[ilate supply. This upper screen-grid is 
by-j)assed to its cathode at the midj)oint 
where the plate and output tubes are 
connected together. The other screen- 
grid is supplied through the other pri¬ 
mary winding from the midpoint, and 
this lower screen-grid is by-ptissed to 
ground. The d-<’ screen-grid curnmts 
flow through the windings in the oppo¬ 
site sense, so that there is no net d-c 
Hu.\ from the .screen-grid currents in the 
windings. 

The transformer connections show 
that the two primary windings are con- 
ne(!tcd in parallel for signal voltage.s. 
1'he screen-grid by-pass capacitors and 
the plate su])ply output capacitor make 
this parallel connection. These capaci¬ 
tors must ])rovide a low-impedance path 
at the lowest signal frequency. 

The. I’ircuit of Figure 2 also includes a 
feedback connection from the output 
stage to the first stage. Since the output 
is single-ended, feedback to a single- 
ended earlier stage is relatively simple. 
In the circuit shown, a fraction of the 
output voltage is applied directly to the 
cathode of the first stage as a voltage 
feedback. 

The circuit of Figure 2 is arranged to 
0 |>erate the final stage Class ABi. Be¬ 


cause this type of operal.ion requires 
large driving voltages from the phase- 
inverter stage, the method of connection 
of this stage is different from that of 
Figure 1 in certain dc'tails. The d-c bia.s 
voltage for the upp(?r out[>ut tul)e is olv 
tained from only pari of the phase-in¬ 
verter i)late load. The full signal voltage 
across the plate load, however, i.s ai>- 
plied to the upper tube through the 
coupling capacitor betwecm the plate 
of the |)hase inverter and the grid of 
the upper tube. 

The a-c plate voltage from plate to 
cathode of the phase inverter stage of 
Figure 1 is the sum of the a-c output 
voltage and the two a-c grid voltages 
produced across its load resistances. For 
a 50-watt amplifier using Type 1014 
tubes, this a-c voltage is of the order of 
.500 volts peak. The d-c plate voltage 
required across this tube, then, must be 
greater than 500 volts in order to avoid 
serious non-linearity in the driver stage. 
If the experimenter has available a tube 
that can readily handle the.se voltages, 
the basic cathode-follower phase inverter 
of Figure I is recommended. In the par¬ 
ticular circuit of Figure 2, a standard 
receiving type has been used within its 
rating of 500 volts by the circuit dodges 
shown. The resistance in the cathode is 
lower than necessary for full drive of the 
lower stage, so that the required voltage 
mtist be obtained from the previous 
amplifier .stage. This lower resistance 
reduces the a-c voltage appearing from 
plate to cathode and makes possible the 
use of a Type 6S4 Triode within its 
500-volt rating. 

The amplifier circuit of Figure 2 can 
be u.sed with two Type H>14’s in the out¬ 
put stage to yield 50 watts output. .\t 
this level the distortion can readily be 
held to Ie5S than 1% (total harmonic) 
for frequencies in the middle audio 
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range. By careful ailjusfment of balance 
and operating conditions, this distor¬ 
tion can be reduced even further. 

d'he internnxlulation results by the 
CCIF test shown in Figure 3 demon¬ 
strate that the amplifier is operating 
correctly, with low distortion over the 
audio range. Measurements of inter- 
modulation by the SMFl'E method also 
showed satisfactorily low distortion. 
Tests at an equivalent 50-watt power 
level, using a low-frecjuency tone of 40 
cps of four times the intensity of the 
high-frequency tone of 7000 cps, gave a 
total intermodulation of 1.6%, which is 
well below the 5% frequently used for 
rating high-quality systems. 

Beyond the 50-wutt limit, the output 
tubes are driven to the level where they 
draw grid current, which changes the 
operating conditions for the tubes. This 
change will give the results shown in the 
graphs, which were mea.sured under 
steady state conditions. For dynamic 
conditions, such as occur with speech 


Figure 3. The upper curve shows os o function of fre¬ 
quency the relative output at the secondary of the 
output transformer, terminated in a resistance lood, 
for constant input voltage to the amplifier of Figure 2. 
The lower curves show intermodulation distortion os a 
function of frequency. Two tones of equal amplitude 
differing in frequency by 400 cycles were used. The 
peok-to-peak swing, at the load connected to the 
secondary, was equal to thot obtained at a 50*watt 
single-frequency output level, and the distortion is 
plotted as a function of the frequency of the lower- 
frequency tone. 


and music signals, the distortion levels 
above 50 watta will be somewhat higher. 

This power level is obtained within 
the ICAS ratings of the Type 1614 and 
is the power available at the primary of 
the transformer. Because of the losses 
in the transformer, the power availaltle 
at the secondary is reduced somewhat. 

When the General Radio Tvpk 912-.\ 

Output Transformer* is used as specified, 
the reduction in available piower is rela¬ 
tively small. The output tran.sformer 
also limits the maximum low-frequency ^ 
power obtainable from the amplifier. 

The Type 042-A Output Transformer* 
has been designed to handle a particu¬ 
larly high level of power, for its size, at 
low frequencies. The cur\'e of Figure 4 
shows its performance with the amplifier 
of Figure 2. 

The element values given in Figure 2 
have been determined to be suitable for 
an amplifier using four Type 1614*8 in 


*A P O. Peterwn, “An Audio-I’requmcv Signal Genera- •To be «le»cribed in no*1 month's BTprrimrnter 
tor /nr Non-Iinerir Dietnrtion T»U.*' Gmeml Radio 
RTptrimenttT, AugUKt, 1950. 
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Figur* 4. Harmonic distortion os o f\inc- 
tion of power delivered to the load for 
the circuit of Figure 2. All the curves ex¬ 
cept the doshed ones were taken with a 
1500-ohm load ocross the pnmory. 
Sirsce there was no essential difference 
in results at 1, 5, and 15 kc, only one 
curve is shown for these three frequen¬ 
cies. For frequencies above 50 cps, the 
results were also practically Identicol 
with the 1-kc curve. The dashed curvet 
show the results with the load on the 
secondary of the transformer. 
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Figure 5. Harmonic distortion at 1 kc os o function of 
the power delivered to the lood for the circuit of 
Figure 2, but with two Type 1614 Beom Power Tubes 
in parallel for the upper output tube and two in parol* 
lei for the lower tube. The solid curve wos obtained 
with an 800'Ohm load on the primary. The values 
given by the triangles were obtained on the second¬ 
ary, using a load of obout one-half the rated im¬ 
pedance of the transformer, and the values given by 
the circles, using a load of about twice the rated im¬ 
pedance. In each case the equivalent primary load 
was about 800 ohms. These latter results show the 
difference in copper efficiency obtainoble with the 
different connections available on the Type 942-A 
Tronsformer.* 
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the output stage. Two tulx?s are useil in 
parallel where the upper tulie is shown, 
and two are in parallel for the lower 
tube. This output combination will 
supply 1(X) watts of power at the pri¬ 
mary of the output transformer (see 
Figure 5), and the Type 942-A Output 
Transformer* is suitable for use at this 
power level over the audio range above 
40 cps. 

The previous circuit has the disadvan¬ 
tage of requiring a plate supply that 
operates at twice normal voltage. Of 
course the current taken by the output 
stage is correspondingly one-half that 
taken by the usual push-pull stage so 
that the total input power is normal. The 


high plate voltage is no longer so serious 
a disadvantage as it was some years ago, 
because of the recent development of the 
high-voltage selenium rectifiers. The 
circuit, however, is l>est adapted to 
moilerate total plate voltages if the 
newer, low-impedance tubes such as the 
Type GCDG-O or Type 6BQ()-GT arc 
used in the output stages. 

If it is desired to oiierate with normal 
plate voltages, the circuit can be modi¬ 
fied as showTi in Figure 6. Mere both 
plate currents flow through the trans¬ 
former primary windings so that there 
is more of a burden on the transformer, 
because of the d-c copper loss in the 
windings. More careful balancing of the 


Figure 6. The circuit diagram for a 50-watt amplifier, using parallel feed for the plote voltages of the two 

output tubes. 
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d-c plate currents is necess:iry here in 
order lo avoid an unbalanced flux in the 
t ransfomier. 

Because of the way the screen-grid 
voltages must be supplietl, the voltage 
drop in the two primary halves appears 
in the supply for the screen-grid of the 
upper output tube. There is no com¬ 
pensating drop in voltage for the screen- 
grid of the lower tube. In the circuit of 
Figure 6, the major part of this differ¬ 
ence is taken care of by the u.se of differ¬ 
ent v(»ltage-regulator tubes in the two 
screen-grid supplies. Otherwise, (his cir¬ 
cuit is essentially the same as that of 
Figure 2, and the performance is com¬ 
parable as shown by Figure 7. 

d'he circuit can be appreciably simpli- 
fiwl if the full 5()-watt power level is not 
reiiuire<l. A .suitable circuit for an out¬ 
put power of 25 watts is shown in 
Figure 8 

The feetiback used in these circuits is 
about 14 db. This amount is adeejuate 
to give a source impedance of about onc'- 
tiflli the optimum load impedance, which 
is satisfactory for most apiilications. 
'Phis source impedance can l)e reduced 
further b}^ increasing the feedback. With 
the tyjK? of feedback used here, how¬ 
ever, an increase in feedback u.sualiy 
results in a small decrease in available 
power, because of the power absorbed in 
the feedback circuit. 

If the distortion from this amplifier is 
to be kept low, good quality resistors 
must be use<l in the feedback circuit. In 



particular, it is recommended that the 
resistor from the primary of the trans¬ 
former to the cathode of the first tube 
and the resistor to ground from the 
cathode of the first tube be wire-wound. 
Some composition resistors have an 
appreciable voltage coefficient, and, if 
the}^ are used for the feedback circuit, 
(hey can contribute appreciable amounts 
of distortion. 

P"or best operation at high audio fre¬ 
quencies, it is important to keep stray 
circuit capacitances as small as passible. 
Particular attention .should l)e paid to 
the capacitance to ground of the circuit 
from the plate of the driver stage to the 
grid of the upper output tube. This 
capacitance, which shunts the phase- 
inverter platci-load impedance, is effec¬ 
tively multiplied by the gain of the out¬ 
put stage. For the present circuit this 
factor is about ten. 

The circuits should be adjusted by 
ol)serv'ations using a high-resistance d-c 
voltmeter, a sinusoidal signal source, 
and a cathode-ray oscillograph. The 
bias adjustments should be made first to 
give about the values shown in the fig¬ 
ures. Then a 1-kc signal should be ap¬ 
plied and the signal balance adjustment 
should be made. Pro|>er adjustment of 
this balance can l>e observe<I on the c-r-o 
at levels above 50 watts by noting the 
condition for equal clipping of the upper 
and lower peaks. 

For best operation at low frequencies, 
the d-c currents in the two halves of tht* 
primar>^ of the output transformer 
should be carefully balanced. This bal¬ 
ance can usually be obtained by adjust¬ 
ing the grid biases. Occasionally some 
tube selection is desirable. 


Figure 7. Harmonic dittorfion at 1 Itc os a function of 
the power delivered to o 1500>ohm load across the 
primary for the d>c parallel connection of output tubes 
os shown in Figure 6. 
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If the amplifier is to he used f«>r 
speech and music signals, it is rei’om- 
raended that the adjustmentsl)etrimmeti 
to favor very low distortion at low 
levels. This trimming can best be done 
by using a veiy low distortion source and 
a wave analyzer or distortion meter. 

The output tubes of these circuits 
operate in the Class AB region, and the 
plate current for the last stage varies 
with operating level. The main power 
supply should, therefore, have good 
regulatiim to maintain proper operating 
conditions with varying levels. The bias 
supply, on the other hand, can be very 
simple, since only a few milliamperes are 
needeil and the load is constant. 

'riie basic inrcuit can, of course, lie 
used with other output tubes. If lower 
plate voltages are also used, the driver 
voltage problems are simplified, and the 
straightforward cathode-follower phase 
inverter can be used. In some cases the 
load can I)e matched directly to the out¬ 
put tubes 80 that the impedance-match¬ 
ing effect of the transformer is not 
needed, and the efficiency is correspond- 
ingl}' increased. 


The circuits shown here are intended 
only as a guide for the e.xperienced ex¬ 
perimenter. Numerous measurements 
and adjustments are usually necessar>^ 
in an initial setup to make certain that 
the circuit is operating properly. In 
making those tt*sts, the experimenter 
should remember that the voltages used 
here are dangerous, anil, because of the 
unusual output circuit, particular care 
is necessary to avoid being misleil by 
experience with standard output systems. 

The power levels quoted in this article 
are not conservative but actual values 
measured on an experimental setup, so 
that the experimenter should not expect 
to find any reserve margin of power be¬ 
yond the levels ijiioted. It is important 
also to notice that the vacuum tubes are 
not being useti according to conservative 
instrument practice, but rather in the 
fashion of commercial tHpiipment where 
high stability and long tulie life are not 
important. (Conservative instrument 
practice would dictate lower voltages 
than used here, and the available power 
would be correspondingly reduced. 

- .\. P. (f. PKTKItSON* 


Figure 8. The circuit diagram for a 25-watt power omplifler, which uses lower supply voltoges than the higher 
power versions and which does not operate so for into the Clou ABi region. 




lET LABS, INC in the GenRad tradition 

www.ietlabs.com 

534 Main Street, Westbury, NY 11590 TEL: (516) 334-5959 • (800 ) 899-8438 • fax: (516) 334-5988 













































GENERAL RADIO EXPERIMENTER 


8 


MISCELLANY 


CREDITS —The single-ended push-pull 
amplifier described in this issue was 
originally developed by Dr. Donald B. 
Sinclair and Dr. Arnold P. G. Peterson. 
Credit is also due to Carlton A. Wood¬ 
ward, Jr., and William F. Byers for their 
helpful suggestions and to Mr. Wood¬ 
ward for his assistance in the experi¬ 
mental work. 

RECENT VISITORS from other coun¬ 
tries to our plant and laboratories in¬ 
clude : 

From Denmark: 

Dr. L. T. Muus, Lecturer, Technical 
University of Copenhagen; Jens R. 
Jensen, Associate Professor, Labora¬ 
tory of Telegraphy and Telephony, 
Royal Danish Technical University, 
Copenhagen. 

From England: 

.1. W. Ha RUNG, Development En¬ 
gineer, Standard Telephones & Cables, 
Ltd., London. 


From Venezuela: 

L. G. JiMiNEz, President, Intelec, 
S. A., Caracas. 

From Canada: 

D. T. Reid, Sales Manager, Commercial 
Products Division, and T. V. Sweeney, 
Project Controller, Commercial Products 
Division, Canadian Marconi Co., Ltd., 
Montreal, distributoi*s of General Radio 
products in Canada; W. A. Anderson, 
Ryerson Institute of Technology, To¬ 
ronto; J. H. Doble, Canadian General 
Electric Co., Ltd., Toronto. 

From Israel: 

Jacob Rosin, Director, Electronic 
Equipment, Tel-Avfiv. 

From Indonesia: 

E. Th. Vermast, Manager, Radio and 
Electronic Department, Nelson and 
Brown Agencies, Ltd., Djakarta, who was 
accompanied by Ad. Aurieau, New York, 
export representative in Latin American 
countries for General Radio products. 


nnilE General Radio EXPERIMENTER is mailed icithout charge each 
month to engineers, scientists, technicians, and others interested 
in communication-frequency measurement and control problems. 
When sending requests for subscriptions and address-change notices, 
please supply the following information: name, company address, type 
of business company is engaged in, and title or position of individual. 


GENERAL RADIO COMPANY 

275 MASSACHUSETTS AVENUE 

CAMBRIDGE 39 MASSACHUSETTS 

TELEPHONE: TR owbridge 6-4400 

BRANCH ENGINEERING OFFICES 

NEW YORK 6. NEW YORK LOS ANGELES 31. CALIFORNIA CHICAGO 5. ILLINOIS 

90 WEST STREET 1000 NORTH SEWARD STREET 930 SOUTH MICHIGAN AVENUE 

TEL.-worth 2-5137 TEL.-H OllYwood 9-6201 TEL. WAbath 2-3820 







lET LABS, INC in the GenRad tradition ^ 

534 Main Street, Westbury, NY 11590 TEL: (516) 334-5959 • (800 ) 899-8438 • fax: (516) 334-5988 





